1. The mechanism underlying a novel form of input signal amplification and bistability was investigated by intracellular recording in rat and cat thalamocortical (TC) neurones maintained in slices and by computer simulation with a biophysical model of these neurones. 2. In a narrow membrane potential range centred around -60 mV, TC neurones challenged with small (10-50 pA), short (50-200 ms) current steps produced a stereotyped, large amplitude hyperpolarization (> 20 mV) terminated by the burst firing of action potentials, leading to amplification of the duration and amplitude of the input signal, that is hereafter referred to as input signal amplification. 3. In the same voltage range centred around -60 mV, single evoked EPSPs and IPSPs also produced input signal amplification, indicating that this behaviour can be triggered by physiologically relevant stimuli. In addition, a novel, intrinsic, low frequency oscillation, characterized by a peculiar voltage dependence of its frequency and by the presence of plateau potentials on the falling phase of low threshold Ca2P potentials, was recorded. 4. Blockade of pure Na+ and K+ currents by tetrodotoxin (1 /,M) and Ba2P (0 1-2 0 mM), respectively, did not affect input signal amplification, neither did the presence of excitatory or inhibitory amino acid receptor antagonists in the perfusion medium. (from 2 to 8 mM) generated this behaviour in neurones where it was absent in control conditions. These results indicate the involvement of the low threshold Ca2P current (IT) in input signal amplification, since the other Ca2P currents of TC neurones are activated at potentials more positive than -40 mV.
6. Blockade of the slow inward mixed cationic current (Ih) by 4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-(methylamino)-pyrimidinium chloride (ZD 7288) (100-300 ftM) did not affect the expression of the large amplitude hyperpolarization, but abolished the subsequent repolarization to the original membrane potential. In this condition, therefore, input signal amplification was replaced by bistable membrane behaviour, where two stable membrane potentials separated by [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] mV could be switched between by small current steps.
7. Computer simulation with a model of a TC neurone, which contained only IT, Ih, K+ leak current (ILeak) and those currents responsible for action potentials, accurately reproduced the qualitative and quantitative properties of input signal amplification, bistability and low frequency oscillation, and indicated that these phenomena will occur at some value of the injected DC if, and only if, the 'window' component of-IT (1T,Window) and the leak conductance (gLeak) satisfy the relation (dITwWindow/d V)max > 9Leak-8. The physiological implications of these findings for the electroresponsiveness of TC neurones are discussed, and, as IT is widely expressed in the central nervous system, we suggest that 'window' IT will markedly affect the integrative properties of many neurones.
S. R. Williams, TI. T6th, J P Turner, S. W Hughes and VCrunelli Thalamocortical (TC) neurones express a rich repertoire of voltage-activated membrane currents that produce nonlinear behaviour and integration of synaptic potentials, typified, for example, by the generation of intrinsic oscillatory activity (i.e. pacemaker or delta oscillations) (McCormick & Pape, 1990; Leresche, Lightowler, Soltesz, Jassik-Gerschenfeld & Crunelli, 1991; Steriade, Curro Dossi & Nuniez, 1991; Steriade, McCormick & Sejnowski, 1993) . A membrane current of particular importance to these phenomena is the low voltage activated, inactivating Ca2P current (IT) (Coulter, Huguenard & Prince, 1989; Crunelli, Lightowler & Pollard, 1989; Huguenard, 1996) , whose activation underlies the generation of transient depolarizing potentials (named low threshold Ca2P potentials, LTCPs)
that may evoke single, or a burst of, action potentials. The amplification of the duration and amplitude of excitatory postsynaptic potentials (EPSPs) involving LTCPs has been demonstrated (Deschenes, Paradis, Roy & Steriade, 1984;  Jahnsen & Llinas, 1984a,b; Crunelli, Kelly, Leresche & Pirchio, 1987a; Llinas, 1988; Turner, Leresche, Guyon, Soltesz & Crunelli, 1994; Bal, von Krosigk & McCormick, 1995) , whilst inhibitory postsynaptic potentials (IPSPs) may lead to the generation of LTCPs crowned by the burst firing of action potentials, indicating that IPSPs may have excitatory actions Steriade et al. 1991 Steriade et al. , 1993 . Membrane potential bistability, another type of non-linear behaviour, has been observed in TC neurones in the form of plateau potentials generated by a persistent Nae current (Jahnsen & Llinas, 1984a,b) . No experimental evidence, however, is available in support of the formation of bistable behaviour based on the properties of IT, as has been suggested by modelling studies (Toth & Crunelli, 1993) . In common with other inactivating membrane currents, the steady-state activation and inactivation curves of IT have been shown to possess a region of overlap (Coulter et al. 1989; Crunelli et al. 1989; Hernandez-Cruz & Pape, 1989; Huguenard, 1996) which may be taken as evidence for the existence of a stationary or 'window' current. The physiological expression of window currents has received little examination, although the existence of a window component of the fast Na current ('Na) and the fast and slowly inactivating K+ currents (IA and IAs, respectively) has been indicated (McCormick, 1991; McCormick & Huguenard, 1992 halothane. The top of the skull was exposed, a wide craniotomy performed and the meninges were removed. The animals were killed by a coronal cut at the level of the inferior colliculus, and, following transection of the optic tracts, the brain was removed and submerged in ice-cold (1-4°C), oxygenated (95% 02-5% C02)
modified Krebs medium containing (mM): KCl, 5; KH2PO4, 1 25;
MgSO4, 5; CaCl2, 1; NaHCO3, 16; glucose, 10; sucrose, 250. Slices were left in the storage chamber for at least 1 h before being transferred to a recording chamber where they were perfused with a continuously oxygenated (95% 02-5% CO2) medium of similar composition, but with 1 mm MgSO4 plus 2 mm CaCl2 replacing the 5 mM MgSO4 plus 1 mm CaCl2, respectively. Other details of the preparation and maintenance of rat and cat slices were identical to those fully described in the accompanying paper (Turner, Anderson, Williams & Crunelli, 1997) , and by Turner et al. (1994) and Williams, Turner, Anderson & Crunelli (1996) (1-10 V, 20-50 ,uS at 005 Hz) applied to a bipolar tungsten electrode placed in the optic tract or within the nucleus reticularis thalami (for TC neurones of the dorsal lateral geniculate nucleus and the ventrobasal thalamus, respectively). The following drugs were applied in the perfusion medium: 6-cyano-7- or the dorsal lateral geniculate nucleus (Crunelli, Leresche & Parnavelas, 1987 b; Williams et al. 1996) (for details of biocytin injection and morphological analysis, see Williams et al. 1996; Turner et al. 1997 ECa, E and ELeak are the corresponding reversal potentials. The system of differential equations was integrated using a slightly modified version of the fourth order Runge-Kutta method with a constant step size of 0'1 ms or an adaptive step size (Toth & Crunelli, 1992) .
RESULTS

Electrophysiological recordings
During the course of the studies in the cat ventrobasal thalamus described in the accompanying papers and previous investigations in the rat and cat dorsal lateral geniculate nucleus (Turner et al. 1994; Williams et al. 1996) S. R. Williams, T I. T6th, J P 1 currents. As input signal amplification gave rise to hyperpolarizing voltage responses we investigated whether the mechanisms responsible for its generation involved hyperpolarization-activated membrane currents such as Ihor the inwardly rectifying K+ current ('KIR) described in the accompanying paper . As shown in Fig. 3A , input signal amplification was resistant to the application of the specific Ih antagonist ZD 7288
(100-300 /AM) (n = 6) (Harris & Constanti, 1995; Williams et al. 1997) (Crunelli et al. 1989 ), however, blocked input signal amplification (n = 3) ( Fig. 3C) . Similarly, the application of the Ca2P current antagonist Ni2+ (2-3 mM) (n = 2) (Coulter et al. 1989; Crunelli et al. 1989; Hernandez-Cruz & Pape, 1989; Huguenard, 1996) Step Duration (ms) Figure 2 . Step ) at STANFORD UNIV MEDICAL CENTER on January 19, 2011 jp.physoc.org Downloaded from J Physiol ( polarization (2-3 mV) or outward current (20-50 pA), under current-and voltage clamp conditions, respectively, that were at the limit of resolution of the two techniques.
An increase in [Ca2P] . (from 2 to 8 mM) (n = 3) produced properties reminiscent of input signal amplification in neurones that under control conditions did not show this behaviour (Fig. 3D) Guyon & Leresche, 1996 (Toth & Crunelli, 1992) , was found to exhibit input signal amplification when the K+ leak conductance (9Leak) was reduced to a value of less than 2 nS; no other parameter change was required to simulate this activity. Thus, in response to small negative current steps the model accurately reproduced the waveform of input signal amplification and its associated time-dependent increase in input resistance (Fig. 5A ) that were observed experimentally (Figs 1 and 2 ). In addition, a close quantitative correspondence between the experimental results and the simulations could be achieved with respect to the time required to generate an action potential output (compare Figs 5B and 2Bc) . The simultaneous analysis of the simulated membrane voltage and currents revealed a steady component of IT with an amplitude of about 50 pA at a holding potential of -59 mV (Fig. 5A) . During the voltage responses that showed the time-dependent increase in input resistance the amplitude of this component of IT decreased concurrently with the membrane potential, whilst Ih was steady and only later contributed to the membrane potential response (Fig. 5A) . We propose that this steady component of IT represents a window current, and, as the steady-state activation and inactivation curves of IT (Fig. 5C) were obtained from the results of previous experiments (Coulter et al. 1989; Crunelli et al. 1989 ), it appears that this window current underlies input signal amplification in TC neurones. Window IT has a steep voltage dependence (Fig. 5C, lower  graph) , so that at a holding potential of around -60 mV this inward current is maximal, but decreases exponentially with membrane depolarization or hyperpolarization. The similarity between the voltage at which window IT is near maximal and the apparent threshold for the generation of input signal amplification described in the experiments is striking.
To test the involvement of window IT in the formation of input signal amplification we manipulated the maximal conductance of IT (9Tmax) in order to scale the value of window IT. In simulations with a value Of 9Leak of 2 nS or less, a reduction of gT,max from 49 to 30 nS abolished input signal amplification (Fig. 5D) . When 9Leak was increased to 3 nS amplification properties were not apparent, but an increase of 9T,max from 49 to 70 nS led to their re-appearance (Fig. 5E ). These results, therefore, demonstrated that the formation of input signal amplification not only requires window IT but is also dependent upon the ratio of gT,max and 9Leak rather than upon their absolute values.
Physiological expression of input signal amplification Input signal amplification was also found to occur in the absence of injected current steps (Fig. 6) . Firstly, small spontaneous oscillations of the membrane potential present in TC neurones at around -60 mV were able to trigger large amplitude hyperpolarizations that were terminated by a LTCP and action potentials when the holding potential was set at around -60 mV (n = 6) (Fig. 6A) . Secondly, in all of five neurones tested, pharmacologically isolated single EPSPs (n = 3) (Fig. 6Ba) or GABAB receptor-mediated IPSPs (n = 2) (Fig. 6Ca) S. R. Williams, T I. TMth, J P I potential of around -60 mV when an appropriate ratio between 9T,max and 9Leak was used (Fig. 6Bb and Cb).
Oscillatory activity Intrinsic, low frequency (0 5-4 Hz) oscillatory activity, termed pacemaker or delta oscillation and characterized by the cyclical generation of LTCPs crowned by the burst firing of action potentials, has been described in TC neurones maintained in vivo and in vitro (McCormick & Pape, 1990; Leresche et al. 1991; Steriade et al. 1993) . In TC neurones that exhibited input signal amplification a novel pattern of intrinsic, low frequency oscillatory activity was apparent rur^ner, S. W Hughes and V Crunelli J Physiol. 505.3 (Fig. 7A ). This novel oscillation was similar to the delta oscillation in that it existed only within a limited voltage range and was insensitive to tetrodotoxin (1 ,CM) (cf. Fig.  3B ) and to excitatory and inhibitory amino acid receptor antagonists (n = 8) (Fig. 7A ). It differed from the delta oscillation, however, in three features. Firstly, at its upper voltage limit of existence the novel oscillation showed a long plateau in each LTCP (Fig. 7A) (Fig. 7A) . Indeed, a progression in the shape of LTCPs took place as the neurone was hyperpolarized by changes in the DC injection (not illustrated). Secondly, at the upper voltage limit of existence the novel oscillation had bursts of action potentials superimposed A Experiment 699 upon LTCPs (Fig. 7A) , while they are absent in the delta oscillations (cf. Fig. 1 in Leresche et al. 1991; and Fig. 1 in Antal, Emri, Toth & Crunelli, 1996) . Thirdly, the relationship between the oscillation frequency and the injected DC was different in the two oscillatory types. originating from USP, which will hyperpolarize the neurone to potentials less negative than that corresponding to UP, will be subjected to a net inward current that will re-instate the original stable point of current balance USP. Similarly, voltage responses originating from LSP, which will depolarize the neurone to potentials more negative than that corresponding to UP, will be subjected to a net outward current that will re-instate the original stable point of current balance LSP. However, negative voltage responses originating from USP will be amplified if they enter the voltage range between UP and LSP, since the net current in this range is outward, and the membrane potential will then settle at a value corresponding to USP. If 9T,max is decreased to 30 nS while 9Leak is left unchanged (not shown), the net current over the entire voltage range will be outward, only one stable point of current balance will exist, and no input signal amplification or bistability can occur (cf. Fig. 5) . B, a decrease of both gT,max and 9Leak to 30 and 1 nS, respectively, will, however, re-establish the presence of one unstable (UP) and two stable points (USP and LSP) of current balance. The lower plots in A and B are enlargements of the area around UP and USP. Figure 7A illustrates voltage traces at the upper and lower limits of existence of the novel oscillatory activity, the corresponding cumulative integrative frequency plots of inter-event intervals (Fig. 7A, left graph) and the relationship between frequency of oscillation and different levels of injected DC (Fig. 7A, right graph) . For the novel oscillation, the relationship between its frequency and the injected current described a complex pattern, characterized by an initial increase in frequency as the DC was made more negative, until a maximal point was reached; this was followed by a more subtle decrease in oscillation frequency. Note that the lowest frequency is achieved at the upper voltage limit of existence of the novel oscillation while in the delta oscillation the lowest frequency is present at the lower voltage limit of existence (cf. Fig. 1 led to the appearance of bistable behaviour (n = 4) (Fig. 8A) , and similar results were obtained in simulations when the value of g9 was reduced to zero (Fig. 8B) . In both cases, two stable equilibrium voltage levels separated by 15-30 mV were apparent. Transition between these equilibrium voltage levels was evoked by small and relatively brief current steps, so that in the experiment illustrated in Fig. 8A , for example, transition from the more positive to the more negative voltage level took place following the termination of a -10 pA step. It may be seen that in this neurone the charging of the membrane in response to this current step demonstrates a time-dependent increase in input resistance (Fig. 8A) . It is also important to stress that (i) transition from the more positive to the more negative voltage level could be achieved by the use of both negative and positive current steps (Fig. 8A , traces 1 and 3) and (ii) under these conditions large amplitude voltage responses could be evoked from the more negative equilibrium voltage level by the application of small positive current steps (Fig. 8A, trace 4) . Identical results were obtained from the model neurone (Fig. 8B) . (Jahnsen & Llinas, 1984b; McCormick & Pape, 1990; McCormick & von Krosigk, 1992) , lead to the formation of input signal amplification in neurones that did not show this behaviour under control conditions. We therefore suggest that neurones that exhibit input signal amplification properties are not a specialized group of TC neurones, but are neurones that have been minimally damaged by penetration with sharp microelectrodes, and so have low values of somal shunt Spruston & Johnston, 1992) or distributed injury conductances (Staley, Otis & Mody, 1992) Deisz, Fortin & Zieglgansberger, 1991; Soong, Stea, Hodson, Dudel, Vincent & Snutch, 1993; Huguenard, 1996) , we predict that input signal amplification will be manifest in other types of central neurones that possess IT, and suggest that it is the product of sharp microelectrode-induced cellular damage that has prevented its observation. Furthermore, as IT has been shown to be located in the distal dendrites of some central neurones (Magee & Johnston, 1995) (McCormick, 1992) . Therefore, the expression of input signal amplification in vivo, may be modulated by the activity of brainstem and cortical neurones. Furthermore, since the input conductance of neurones has been demonstrated by modelling studies to be influenced by the level of background synaptic activity (Bernander, Douglas, Martin & Koch, 1991; Rall, Burke, Holmes, Jack, Redman & Segev, 1992) , it is conceivable that the electroresponsiveness of TC neurones may be determined by activity within afferent pathways, with input signal amplification being replaced by more linear behaviour as activity is increased. This suggestion indicates that input signal amplification may be a process by which neurones show increased sensitivity to small amplitude isolated synaptic inputs (i.e. novel stimuli) via the generation of action potential burst firing, a mechanism that may act to initiate network operations (Steriade et al. 1993 ). TC neurones have been observed to fire bursts of action potentials during different states of arousal (Steriade, Apostol & Oakson, 1971; McCormick, 1992; Steriade et al. 1993; Guido & Weyland, 1995) . Such firing has been suggested to result from the generation of LTCPs superimposed upon EPSPs or following the termination of IPSPs (Jahnsen & Llinas, 1984a; Crunelli et al. 1987a; Bal, von Krosigk & McCormick, 1995 Steriade et al. 1993 ) and in neurological disorders (Avoli, Gloor & Kostopoulos, 1990 (Guido & Weyland, 1995) and in pathological disorders such as absence epilepsy (Avoli et al. 1990 (Llinas & Sugimori, 1980; Jahnsen & Llinas, 1984a,b) or high-threshold Ca2+ currents (Hounsgaard & Kiehn, 1989) . The form of bistable behaviour described in the present study is, to our knowledge, the first to be apparent at membrane potentials subthreshold for action potential generation. In TC In conclusion, the unique electrophysiological properties of TC neurones observed in this study demonstrates a specific type of non-linear behaviour in central neurones. The involvement of window IT in the formation of such activity indicates that the window component of inactivating membrane currents cannot be ignored in the interpretation of neuronal behaviour.
